During embryogenesis, the transduction of Wnt signals through Frizzled receptors is thought to play integral roles in myogenesis and somite patterning. However, little is known about which Wnt-Frizzled interactions are required for skeletal myogenesis. Thus, we sought to determine which Wnts and Frizzled exhibit expression patterns that are spatiotemporally consistent with the expression of two myogenic determination factors: Myf-5 and MyoD. To accomplish this, we ®rst isolated partial cDNAs for six chick Frizzled orthologues and then compared the expression patterns of chick Frizzleds and Wnts to myogenic and somite patterning factors, such as Myf-5, MyoD, Sonic Hedgehog (Shh), Pax-1 and Pax-3 in Hamburger and Hamilton stage 10 chick. We used these data to generate a schematic composite of expression patterns at the level of the segmental plate and developing somites (stage V) that shows multiple Frizzled and Wnt transcripts expressed in tissues that are overlapping and adjacent to Myf-5 and MyoD expressing tissues. q
Results and discussion
To restrict our comparative analysis to Wnts that are expressed in or adjacent to paraxial mesoderm and Frizzleds that are expressed in paraxial mesoderm, we performed preliminary whole-mount in situ hybridizations with multiple members of both families. Our screen of Wnt and Frizzled family members included Wnt-1, Wnt-3, Wnt-3a, Wnt-4, Wnt-5a, Wnt-5b, Wnt-6, Wnt-11, Frizzled-1 and six additional Frizzled family members that we isolated by . Of these, all but Wnt-3, Wnt5a, Frizzled-3, Frizzled-5, Frizzled-6, and Frizzled-10 were reliably detected in or adjacent to target tissue. As none of the previous analyses of Wnt (Bally-Cuif et al., 1992; BallyCuif and Wassef, 1994; Baranski et al., 2000; Dealy et al., 1993; Eisenberg et al., 1997; Hollyday et al., 1995; Kawakami et al., 1999; Kengaku et al., 1998; Marcelle et al., 1997; Stark et al., 2000b; Tanda et al., 1995; Yoshioka et al., 1994; Linker et al., personal communication) and Frizzled (Kengaku et al., 1997; Nohno et al., 1999; Schmidt et al., 2000; Stark et al., 2000a) (Hamburger and Hamilton, 1951) . In addition to providing a valuable tool for the assessment of Wnt-Frizzled interactions, our studies reveal distinct differences between mouse (Borello et al., 1999; Christiansen et al., 1995; Ikeya and Takada, 1998; Parr et al., 1993; Stark et al., 1994) and chick expression patterns.
Segmental plate mesoderm of stage 10 chick embryos
Recent in situ hybridization studies in the chick indicate that both Myf-5 and MyoD are expressed in streak stage embryos as well as in the segmental plate of early embryos undergoing somitogenesis (Gerhart et al., 2000; Hirsinger et al., 2001; Kiefer and Hauschka, 2001) . However, only Myf-5 is detected by standard in situ hybridization techniques (Hirsinger et al., 2001; Kiefer and Hauschka, 2001 ). Our results showing oscillatory waves of Myf-5 expression in the segmental plate (data not shown and Fig. 1E ), similar
, and Shh (N) were analyzed at HH stage 10 in whole-mount and in sections through the segmental plate and somite V. Yellow dashed lines indicate the approximate level of the section. Myf-5 expression in the segmental plate is oscillatory (Kiefer and Hauschka, 2001) ; we show only a single representative embryo. Some embryos show artifactual labeling in the brain as a result of trapped probe in the ventricles. Abbreviations: NT, neural tube; S, somite; NC, notochord; NF, neural fold; SP, segmental plate mesoderm; dNT, dorsal nerual tube; dMQ, dorsal medial quadrant; Ect, ectoderm; vS, ventral somite; LM, lateral mesoderm; FP,¯oor plate. to that of hairy and lunatic fringe (McGrew et al., 1998; Palmeirim et al., 1997) , are consistent with those of Kiefer et al. (Kiefer and Hauschka, 2001) . These data suggest that the onset of myogenesis may be much earlier than previously believed and is likely to be initiated (or already underway) within the segmental plate prior to somitogenesis. Therefore, we sought to determine which Wnt and Frizzled family members have expression patterns consistent with that of Myf-5 in the segmental plate.
Our systematic characterization of Wnt and Frizzled expression patterns demonstrates that Wnt-3a (Fig. 1C) , Wnt-5b (Fig. 1F ), Wnt-6 (Fig. 1G ), Wnt-11 (Fig. 1H) as well as Frizzled-1 (Fig. 1I ), Frizzled-2 (Fig. 1J) , and Frizzled-7 (Fig. 1K) are expressed in or adjacent to segmental plate mesoderm, while Wnt-1 (Fig. 1B) and Wnt-4 ( Fig.  1D ) are absent at this axial level. Wnt-3a is broadly expressed throughout the mesoderm caudal to the node and is progressively restricted rostral to the node. Whereas Wnt-3a expression is observed in the caudal segmental plate (section not shown), it is not detected in the rostral segmental plate (Fig. 1C ). Very faint expression in the dorsal tips of the neural folds is also observed (Fig. 1C) . Whole-mount analysis reveals that Wnt-5b expression at the caudal end of the embryo forms a distinctive tear drop shape and includes structures such as the primitive streak and Hensen's node (Fig. 1F) . Cross-sections through the rostral segmental plate reveal bold expression of Wnt-5b in the neural folds, the notochord, paraxial mesoderm and lateral mesoderm (Fig.  1F ). Wnt-6 is expressed uniformly in the surface ectoderm with possible faint expression in the segmental plate (Fig.  1G) . Wnt-11 is expressed in the neural folds and throughout the axial and lateral mesoderm (Fig. 1H ). In addition, Wnt-11 appears in a stripe that lies approximately 100 mm from the rostral end of the segmental plate (Fig. 1H) .
Whole-mount and cross-sectional analysis of embryos reveals that Frizzled-1, Frizzled-2, and Frizzled-7 are broadly expressed in all mesoderm including the segmental plate (Fig. 1I±K) . In addition, all three Frizzleds are detected in caudal structures such as the primitive streak and Hensen's node. Cross-sections through the rostral segmental plate reveal that Frizzled-1 (Fig. 1I ), Frizzled-2 (Fig. 1J) , and Frizzled-7 (Fig. 1K ) are also expressed in the neural folds with only subtle distinctions between the three family members.
As Shh has previously been shown to act combinatorially with Wnts for the induction and/or maintenance of myogenic activity (Mu Ènsterberg et al., 1995) , we have also compared the expression pattern of Shh with those of Wnts. As expected, the temporal expression of Shh (Johnson et al., 1994; Martõ Â et al., 1995) coincides with expression of all three Frizzleds, Wnt-3a, Wnt-5b, Wnt-6, and Wnt-11 in or adjacent to the segmental plate (Fig. 1C,F±K,N) . Furthermore, we observe overlap in the spatial expression patterns of Shh, Wnt-5b, Wnt-11, Frizzled-1, Frizzled-2, and Frizzled-7 (Fig. 2C,D) .
Most notably, comparisons of all expression patterns analyzed indicate that all Frizzleds, Wnt-3a, Wnt-5b, and Wnt-11 exhibit overlapping expression patterns with Myf-5 at discrete times during the oscillatory cycle in segmental plate mesoderm (Fig. 2C,D and data not shown). In addition, Wnt-6 transcripts are found in the ectoderm overlying regions of Myf-5 and Frizzled expression (Fig. 2C,D ).
Somites of stage 10 chick embryos
As Myf-5 and MyoD labeling demarcates the progression of skeletal myogenesis in maturing somites, we sought to determine which Wnts and Frizzleds have expression patterns consistent with those of Myf-5 and MyoD in somites of HH stage 10 chick embryos. Using standard in situ hybridization technique, Myf-5 is observed in the caudal regions of somites I and II whereas MyoD expression is ®rst detected in the caudomedial corner of somite II (Hirsinger et al., 2001; Kiefer and Hauschka, 2001; Pownall and Emerson, 1992 ). Rostral to somite II, Myf-5 and MyoD are both expressed along the dorsomedial aspect of the entire epithelial somite with Myf-5 expression extending more laterally than MyoD (Fig. 1A,E) .
To delineate the ventral and dorsal halves of the epithelial somite, we probed for Pax-1 and Pax-3 (Fig. 1L,M) . Cells in the ventral somite express Pax-1 and are fated to give rise the sclerotome (Brand-Saberi et al., 1993; Love and Tuan, 1993) while cells in the dorsal somite express Pax-3 and are fated to give rise to the dermomytome (Bober et al., 1994; Goulding et al., 1993 Goulding et al., , 1994 Williams and Ordahl, 1994) .
Whereas Wnt-1 and Wnt-3a are expressed in the dorsal neural tube (Fig. 1B,C) , Wnt-4 (Fig. 1D) is broadly expressed in the neural tube except in the dorsal most neural tube and the ventral¯oor plate. In contrast to the mouse (Parr et al., 1993) , we have never observed Wnt-4 expression in the surface ectoderm of HH stage 10±20 chicks (Fig.  1D and data not shown) . Wnt-5b is expressed uniformly in somites I±II (data not shown) and becomes restricted to the dorsomedial quadrant of somites III±X, overlapping with Myf-5 expression in somites I±X and MyoD expression in somite II±X (Fig. 1F) . Wnt-6 is expressed uniformly in the surface ectoderm (Fig. 1G) and is immediately adjacent to the Pax-3 expression in the dorsal somite. In contrast to the mouse (Ikeya and Takada, 1998; Parr et al., 1993) , we have never observed Wnt-6 expression within developing somites. Given that Wnt-11 has previously been shown to be expressed in the dorsomedial lip of the dermomyotome of HH stage 14±26 chick embryos (Marcelle et al., 1997; Tanda et al., 1995) and of 9.5 d.p.c. mouse embryos (Christiansen et al., 1995; Ikeya and Takada, 1998) , we were surprised to ®nd Wnt-11 expression (Fig. 1H) in the ventral somite along with Pax-1 expression (Fig. 1M) . We also observed robust Wnt-11 expression in the intermediate mesoderm. Interestingly, Wnt-11 transcripts co-localize with those of Shh in the ventral¯oor plate of the neural tube and in the notochord.
In the trunk, all three Frizzled transcripts are found in somites at all axial levels (Fig. 1I±K) . Speci®cally, expression of Frizzled-1, Frizzled 2, and Frizzled-7 is observed in axial, paraxial, intermediate and lateral plate mesoderm. In addition, Frizzled-2 and Frizzled-7 are expressed in the ventral¯oor plate of the neural tube with faint expression extending to the dorsal neural tube.
Comparison of these expression patterns indicates that the Frizzled expression patterns overlap with those of Wnt-5b, Myf-5 and MyoD in the dorsomedial quadrant of somite V (Fig. 2A,B) . In addition, Wnt-1, Wnt-3a, Wnt-4, and Wnt-6 transcripts are adjacent to dorsal somite marker, Pax-3, and myogenic markers, Myf-5 and MyoD, whereas Wnt-11 expression overlaps ventral somite marker, Pax-1. Although Wnt-1, Wnt-3a, and Wnt-4 have been shown to be suf®cient for myogenesis (Mu Ènsterberg et al., 1995; Stern and Hauschka, 1995) , our analysis shows that Wnt-4 expression most closely abuts that of Myf-5 and MyoD.
Taken together, these expression patterns suggest a complex circuitry of Wnt signaling that has not been previously appreciated. Speci®cally, the expression patterns of Wnt-1, Wnt-3a, Wnt-4, Wnt-5b, Wnt-6, Wnt-11, Frizzled-1, Frizzled-2, and Frizzled-7 in HH stage 10 embryos over- lap or are adjacent to those of Myf-5 and MyoD, which have distinct roles in skeletal myogenesis. Furthermore, analyses of the spatiotemporal expression patterns of Frizzled-1, Frizzled-2 and Frizzled-7 in the segmental plate and in somites are consistent with the possibility that these three receptors may have functionally redundant activities during somite development. This possibility will be need to be tested by binding studies to determine ligand speci®cities and in vivo studies to examine functionality.
Methods

PCR ampli®cation and cloning of chick Frizzled sequences
Degenerate primers were used to amplify conserved regions of Frizzled transcripts from stage 10 total chick RNA using RT-PCR. Primer sequences were: (Upstream) 5
H -gtg aat tct ayc cng arm gnc cna t-3 H and (Downstream) 5 Hcaa cta gtn gcn gcn arr aac ca-3 H (n a,c,g,t; y c/g; and m a/c). PCR reactions were carried out under standard conditions with an annealing temperature of 558C. PCR products were subcloned into pBSKSII and sequenced. Sequences from at least three independent isolates were used to generate consensus sequences. The consensus sequences for Frizzled-2 and Frizzled-7 were identical to previously published sequences (Kengaku et al., 1997; Stark et al., 2000a) .
In situ hybridizations
Chick embryos were staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) . Whole-mount in situ hybridization was performed on HH stage 10 chick embryos as previously described (Baranski et al., 2000) . Somites were staged as described by Ordahl (1993) . Embryos were embedded in gelatin and sectioned to 45 mm with a cryostat.
Chick Frizzled-1 cDNA was generously provided by Dr Cliff Tabin (Harvard University). Chick Wnt-1, Wnt-3, Wnt3a, Wnt-4, Wnt-5a, Wnt-5b, Wnt-6, and Wnt-11 cDNAs were generously donated by Dr Andy McMahon (Harvard University). MyoD cDNA was generously provided by Dr Charlie Emerson (University of Pennsylvania). Pax-1 was generously donated by Dr Rudy Balling (Institute for Mammalian Genetics, Neuherberg, Germany) and Pax-3 by Dr Martyn Goulding (Salk Institute). Chick Myf-5 was kindly donated by Dr Steve Hauschka (University of Washington).
